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Abstract
The key accomplishments of the present work are the design, development, testing and the experimental validation of the ultrasonic Powered Resonance Tube (PRT). As a candidate actuator, PRT which is an adaptation of the Hartmann whistle, was chosen because of its capability of producing high frequency and high amplitude pressure and velocity perturbations which can be used for active flow and noise control applications. The conventional flow control actuators or the flow they generate may themselves be significant sources of parasitic noise which results into a decrease in the effective noise suppression levels. The motivation behind enhancing a bandwidth of the PRT to produce ultrasonic actuation signal is to reduce the self parasitic noise of these actuators in the audible range. The ultrasonic PRT can generate high amplitude acoustic tones at ultrasonic frequencies. The parasitic noise contributed by ultrasonic PRT in the audible range is about 10 to 15 dB lower as compared to the parasitic noise from PRT having its tone in the audible range. We begin by characterizing the PRT actuators and present detailed study of the near-field of these actuators which was undertaken with the goal of determining the optimal placement of these actuators with respect to the target area. It has been shown that placing a shroud near a mouth of the PRT actuators helps in directing the acoustic and hydrodynamic perturbations from these actuators. It was observed that, as a consequence of the shroud, most of the energy is directed in the direction normal to the PRT axis. The experimental investigation was carried out regarding twin PRT interactions to determine the interference pattern between two PRTs. Experimental observations revealed the constructive nature of the interference pattern and with smaller separation distance between the actuators, the energy density of the near-field of these actuators can be increased.
The later part of the present work focuses on determining the efficacy of these actuators in the flow control applications. First, we present the application of ultrasonic PRT actuators to suppress edge tone phenomenon. For edge tone, the PRTs were able to suppress tonal noise up to 25 dB and PNLT up to 14 dB and mass flow rate of the ultrasonic PRTs was 2.9% of the main jet mass flow rate. The other flow control application considered was normal and oblique impingement of a high subsonic jet on a flat ground plate. The experiments were carried out for various inclinations angles of a ground plate. The maximum tonal suppression levels were as high as 21 dB. The mass flow of the ultrasonic PRTs was of the order of 2% of the main jet mass flow rate. Phase averaged pressure measurements of the pressure perturbations xviii 2. To characterize these actuators and to conduct a systematic parametric study of this actuator.
3. To study the actuation signal directivity of this actuator by undertaking unsteady pressure measurements in the near field of this actuator to develop its orientation strategies in relation to target flow in the end application. To investigate the twin PRT interaction to determine whether the interference pattern for these actuators is constructive or destructive in nature.
4. To carry out a systematic experimental investigation to document the efficacy of these actuators in flow control applications, viz., edge tone, jet impingement tone, and free jet noise.
Thesis Outline
The key accomplishment of the present work is the design, development, testing and the experimental validation of ultrasonic powered resonance tube actuators. We begin by characterizing the PRT actuators and present detailed study of the near-field of these actuators which was undertaken with the goal of determining the optimal placement of these actuators with respect to the target area. Later part of the thesis focuses on documenting the efficacy of these actuators in flow control applications. First, we present the experimental investigation of the efficacy of these actuators in suppressing the edge tones generated due to the impingement of a subsonic planar jet on a knife edge. Second flow control application considered was the normal and oblique impingement of a high subsonic jet on a flat ground plate. In this, we document the acoustic suppression levels for various inclination angles of a ground plate and a main jet Mach number, and present near-field unsteady pressure measurements for few cases of an impinging jet.
POWERED RESONANCE TUBE ACTUATORS
As a candidate actuator, Powered Resonance Tube (PRT) was chosen because of its capability of producing high frequency and high amplitude pressure and velocity perturbations which can be used for active flow and noise control applications, robustness, and simple operating principle. For aeroacoustic applications, it is imperative for the actuator to have lower parasitic noise. The conventional flow control actuators or the flow they generate may themselves be significant sources of parasitic noise which results into a decrease in the effective noise suppression levels. The motivation behind enhancing a bandwidth of the PRT to produce ultrasonic actuation signal is to reduce the self parasitic noise of these actuators in the audible range. The ultrasonic PRT can generate high amplitude acoustic tones at ultrasonic frequencies. The parasitic noise contributed by ultrasonic PRT in the audible range is about 10 to 15 dB lower as compared to the parasitic noise from PRT having its tone in the audible range.
The Powered Resonance Tube (PRT) is capable of producing high intensity (up to 140 dB) acoustic tones over the wide range of frequencies (i.e., 3 to 30 kHz). The PRT is attractive because it has no moving parts and it is robust in design. The PRT is an adaptation of the Hartmann resonance tube and it derives its name from the same. The term 'powered' indicates that it requires external energy (i.e., secondary air supply) for its operation. Because of the high bandwidth of this actuator, it is potentially useful for noise and flow control applications. 'High bandwidth' refers to the wide range of frequencies at which PRT can produce high amplitude acoustic tones. Figure 2 .1 shows schematic of one of the most prevalent versions of the PRT. It consists of a cylindrical resonator tube placed in front of a cylindrical nozzle which is supplied with highly pressurized air. It is the fluid dynamic interaction of the jet, issued from the cylindrical nozzle, with that of the air present in the resonator tube which is responsible for the generation of high amplitude acoustic tones. The detailed explanation of PRT's working principle is discussed in section 2.2. The high intensity acoustic tones produced by the PRT and air emanating from a cylindrical nozzle of the PRT are responsible for teristics and mass flow variations in a resonator tube. Cain et al. [Cain et al., 2002] performed PRT simulations using the Wind-US solver which uses explicit third-order Range-Kutta time integration for timeaccurate calculations. Raman et al. [Raman et al., 2004a] clearly demonstrated the non-linear effects within the resonance tube. From the pressure data, they showed that a compression wave traveling in the tube travels faster than an expansion wave traveling out of the tube. More details on Hartmann tube can be found in the review by Raman and Srinivasan [Raman and Srinivasan, 2009] which offers a consolidated resource tracing development of the Hartmann tube from discovery to recent advances in understanding, prediction and application of the resonance tube.
Working Principle
The basic requirement of any resonance phenomenon is positive feedback. Several researchers have made attempts to explain the working mechanism of the phenomenon. The very first explanation was proposed by Hartmann himself. He believed it was the periodic swallowing and evacuating of the main jet from the cavity mouth that produced the acoustic tone. However, this description fails to explain why cavity's quarter wavelength governs the acoustic tone frequency. It also fails to account for the presence of the stand-off shock, a detached shock at the resonator's mouth when it lies in the jets's supersonic region.
In 1964, Powell and Smith [Powell and Smith, 1964] explained this resonance phenomenon on the basis of an 'instability zone'; taking into account the presence of a shock. When an imperfectly expanded jet emanates from the nozzle, it shows a spatially periodic cell structure with a periodic pressure variation. When such a jet impinges on a cavity, a detached shock stands in front of the mouth of the cavity. Along the central axis of the jet, the static pressure shows an oscillatory variation as the jet pressure equilibrates with the ambient pressure. The region where the static pressure shows an increasing trend is the "zone of instability". When a cavity mouth is located in this region of instability, a stand-off shock which also lies in same instability zone oscillates, leading to resonance. A brief description of the actual physical phenomenon as given by Smith and Powell [Powell and Smith, 1964] can be summarized as follows:
EXPERIMENTAL FACILITY AND INSTRUMENTATION
All the experiments described in this thesis were conducted in the Fluid Dynamics Research Center at Illinois Institute of Technology, Chicago. All the experiments related to the characterization of Powered Resonance Tube actuators were carried out in the anechoic chamber and experiments regarding the application of these actuators on the jet were carried out in the jet facility. The jet facility was supplied with the highly compressed air from compressed air supply system. This section contains brief description and details about the experimental facility, the basic setup of various experiments, the instrumentation used with regard to the sensors and transducers and post-processing techniques used in this thesis. This section concludes with a brief note on the experimental uncertainties associated with the experimental data.
Compressed Air Supply System
The compressed air supply system provides a maximum initial pressure of 1.55 MPa (210 psig) contained in storage tanks having a total volume of approximately 198.2 m 3 (7000 ft 3 ).
A schematic diagram of the system is shown in Figure 3 .1. The compressor bank is made of four compressors, three of which are of the reciprocating type viz. Worthington, Champion and Gardner-Denver, and one of which is a screw type viz. the Bauer. The technical details and capacities of each of these compressors is shown in Table 3 .1.
The air from the compressor bank is taken through a 5.04 cm (2.0 inch) inner diameter pipes through a Hankison International, combination refrigeration air-dryer, unit and two low-volume flow-rate oil filters. This air dryer and filter combination serve to condition the compressed air before it enters the storage system. The storage system consists of four storage tanks arranged in two rows of two tanks each. The upper tanks have a pressure storage capacity of 1.48 MPa (200 psig) and the lower tanks have a capacity of 653 kPa (80 psig). The storage tanks serve to increase the duration of each run and the compressor banks act to charge the storage tanks before each run as well as incrementally supplement the flow when the pressure falls below the threshold for each unit.
The air is supplied to the settling chamber by controlling a segmented ball control valve. The segmented section is designed in a way to reduce valve generated flow noise as well as to reduce the valve loss coefficient. The valve opening is controlled by providing a 4 to 20 mA signal from the digital control system which sends commands to the pneumatic actuator and the electro-pneumatic positioner. In response to the valve opening, compressed air flows into the settling chamber and exits to the ambient.
The pipes following the control valve that carry the compressed air to the settling chamber have a three inch inner diameter. Before the compressed air enters the settling chamber it passes through three high-volume flow-rate filters (manufactured by Hankison International). These filters are designed to handle air at 1.48 MPa (200 psig) and are rated to reduce the oil vapor in the flow to 0.01 ppm and remove particles as small as 25 nm. These filters have a flow rate capacity of 3400 SCFM which is sufficient to accommodate the highest flow rate required. This three inch supply line is connected to the main jet and PRT plenums of the jet facility and serves to supply the jet facility with compressed air.
Anechoic Chamber
Acoustic measurements made in the closed confinement such as laboratory can be contaminated due to the reflected sound waves from the walls. To avoid this problem and to simulate free field conditions an anechoic chamber is commonly used in acoustics to conduct experiments. Interior of the anechoic chamber is covered with the sound absorbing material which helps to eliminate the reflections from the walls. Apart from eliminating internal sound reflections, it also serves as a sound-proof enclosure where external noise cannot affect the acoustic measurements made inside the chamber and negligible sound power is transmitted to outside of the chamber. All the experiments regarding the characterization of the ultrasonic Powered Resonance Tube are carried out in the anechoic chamber in FDRC.
The cubic anechoic chamber in FDRC has internal volume of 779 cubic ft with dimensions 150 in. × 102 in. × 88 in. The inner walls of the anechoic chamber are lined with open cell polyurethane foam acoustic wedges measuring 12 in. × 12 in. × 8 in. These wedges are designed such that it traps maximum incident acoustic energy. The internal reflection inside the wedges is responsible for absorption up to 99% of the incident acoustic energy. The wedges were positioned according to a check pattern that minimizes any possible sound reflection. So as to have high transmission loss, the walls of the anechoic chamber are packed with Dow Quash B1 of 2.25 inch thickness. It is essentially a low density, closed cell polyethylene and ethylene-sterine interpolymer (ESI) sound proof foam. The sound absorbing material used in this anechoic chamber has a lower cutoff frequency of 400 Hz below which it fails to absorb the incident sound.
Jet Facility
The compressed air from the storage tanks is supplied to a plenum (diameter = 15.24 cm (6 in.), length = 91.44 cm (36 in.)). Foe experiments regarding edge tones, a convergent, rectangular nozzle with dimension w = 7.62 mm (0.3 in.) and b = 71.12 mm (2.8 in.) was used. The edge tone experimental setup is illustrated in the figure 3.2. A knife edge was kept along the centerline of the main nozzle and it was parallel to the breadth of the rectangular nozzle. The distance between the jet exit and the edge, referred to as edge distance, was varied with the help of a traversing mechanism. The rectangular plate, referred to as 'end plate' was mounted flush with the main nozzle exit and it was used to install PRTs around the nozzle exit. In total, four PRTs are installed along the breadth of the main rectangular nozzle, two on each side of the main nozzle. Figure 3 .3 shows the configuration of these PRT actuators around the nozzle exit. For jet impingement tone setup, a convergent, rectangular nozzle was replaced with a convergent, axisymmetric nozzle with an exit diameter, D = 3.175 cm (1.25 in.) was used. One of the critical factors in designing this facility was to select an appropriate main nozzle diameter D. In order to have low mass flow rates the diameter of the nozzle needs to be as small as possible. However, for smaller main nozzle diameters, the natural shear layer frequency is higher and so is the impingement tone frequency. It is a fact that for high frequency excitation of the shear layer to be effective, the forcing frequency needs to be twice to three times that of the impingement tone frequency [Wiltse and Glezer, 1998 ]. At the time when this set-up was built, the maximum actuation signal that PRT could produce was 10,000 Hz. This means that the set-up needed to produce to 25 dB and PNLT up to 14 dB and the mass flow rate of PRTs was 2.9% of the main jet mass flow rate. For flat plate jet impingement, effects of variation of stand-off distance, main jet Mach number and the inclination angle of a flat ground plate were investigated experimentally. It was observed that the overall sound pressure level of an impinging jet reduced rapidly as stand-off distance was increased. In some cases, reduction in the OASPL was observed when the angle of inclination was increased for a constant stand-off distance. Acoustic suppression results indicate the efficacy of these actuators in suppressing noise levels of a subsonic jet impinging on a flat ground plate. The maximum tonal suppression observed was on the order of 21 dB and the maximum OASPL suppression obtained was 6 dB. The mass flow rate of the PRTs was of the order of 1.6% of the main jet mass flow rate. Increase in the tonal suppression levels was observed with increase in the tonal amplitudes. This showed that the ultrasonic Powered Resonance Tube actuators are very effective in suppressing tonal noise. In some cases we observed very low suppression values as a consequence of augmented tones in control cases and to understand the physics behind this one can analyze mean velocity profiles for a main jet with the help of linear stability theory. Phase averaged measurements of pressure perturbations reveal that the strength of the near-field pressure perturbations was reduced when PRT actuators were being operated. From these results, it is evident that PRTs can suppress the noise from a subsonic jet impinging on a flat ground plate. Further, these results demonstrate the potential of these actuators for use in active flow and noise control applications.
In this appendix we shall discuss the various measures of noise and annoyance which we have used to describe the acoustic characteristics in the present work. "Noise" is common parlance for undesirable sound. The unit of measurement used to compare the intensity of noises is in deciBel, which is abbreviated as dB. The decibel concept addresses the wide range of sound intensities by using the logarithmic ratio of the actual sound pressure level (SPL) to a nominal value, the threshold of hearing, set to 20μPa. The sound pressure level (SPL) is, therefore given by:
From spherical free field conditions, relationships between sound intensity and sound pressure can be established. The sound intensity can be described in terms of the sound pressure, the medium carrying the sound and speed of sound in the medium.
where I = Sound intensity P = rms sound pressure ρ = Density of the medium V = Speed of sound in the medium Therefore, if the sound intensity changes from I 1 to I 2 such that I 2 = 2 × I 1 , because of this logarithmic nature of the dB scale, doubling of sound intensity or noise level is reflected by a change of only 3 dB as illustrated in equation A.4. To measure the efficacy of the PRT actuators in noise suppression one of the most commonly used metrics is the overall sound pressure level (OASPL). However in the present work, although the actuators suppress noise from edge tones and an impinging jet, they add self parasitic noise at frequencies f ∼ 25 kHz (which is the actuation signal frequency of the ultrasonic PRT actuator). For this reason OASPL is not suitable for the present study since it is independent of the frequency range. In order to evaluate effect of the ultrasonic PRT actuator from a scientific standpoint, one must exclude the parasitic noise of the actuator. Hence we introduce a metric SPL 0 to 20 kHz , which is defined as follows: 
A.1 Perceived Noise Levels
The response of the human hearing system differs according the frequencies. For example, the human hearing system average observed annoyance response curve to the human hearing system depending on the frequency band of the noise is illustrated in figure A.1 (The units for the equal contours are in phons 12 .) Due to this varying response, it is required to establish a weighted sound pressure level which can reflect the human interpretation for the loudness of sounds at different frequencies. Perceived noise level (PNL) is weighted sound pressure level which reflects the human annoyance to sounds at different frequencies and levels. The scale was devised specifically for the purpose of describing aircraft noise. Tone corrected perceived noise level (PNLT) is also a weighted sound pressure level which recognizes the impact of a protrusive discrete tone on human annoyance by adding a penalty to the perceived noise level(PNL). The penalty for the tone varies with the degree of its intrusion and its frequency and it is highest if a tone lies in the rang of 500 Hz to 5000 Hz. Smith [Smith, 2004] has detailed discussion about a simple mathematical transposition which can be used to integrate the response of the human hearing system to different frequencies over the analyzed spectrum to give a single number annoyance value in perceived noise decibels. We will highlight only some of the salient steps in the PNLT calculation.
1. Convert the narrow band spectrum into prescribed twenty four 1 3 rd octave bands.
12 1 phon is equal to 1 dBSPL at a frequency of 1 kHz.
Figure A.1. Contours of equal loudness, often referred to as "FletcherMunson" curves.
2. Find out the noy values for the corresponding sound pressure levels depending on the frequency range of the each of the octave band.
3. Convert the calculated noy values into perceived noise levels using appropriate formulae.
4. Find out tone correction factor for each of the band, then use appropriate formula to obtain the PNLT value.
